Monoclonal antibodies produced from 19 cloned hybridomas were selected for this study. Specific canine distemper virus (CDV) antibodies in medium from cloned hybridomas were detected by direct enzymelinked immunosorbent assays (ELISA) and by indirect immunofluorescence. Three different sandwich ELISA systems were developed either to detect CDV in cell cultures and clinical specimens or to detect specific antibody in canine sera. Protein A and monoclonal antibodies attached in sequence to a solid phase constituted the capture system in the assays. Viral antigens were detected by sandwiching extracts of clinical specimens (or infected cell cultures), monoclonal antibody, and peroxidase-labeled protein A in sequence onto the capture layer. In 1 procedure, biotin-labeled antibody and peroxidase-labeled avidin were used as the last 2 layers in the assay. The CDV antibodies in dog sera were quantitated in a similar manner, but the sequential sandwiching levels consisted of partially purified CDV, serum specimen, and peroxidase-labeled protein A, respectively. The procedures were specific and highly sensitive.
zyme-substrate reactions that may result from conjugation of immunoglobulins to enzyme reporter groups. 2, 5 Therefore, increased sensitivity of enzyme immunoassays now is dependent primarily on antibody avidity and the use of high-energy substrates. l7 Although several monoclonal antibodies to CDV and their activities have been described, 12, 15 and Noon et al. 7 have reported on an ELISA for the evaluation of antibody to the virus in polyclonal antisera, few published reports exist on the use of immunoassays that may be used in routine diagnosis of CDV infections. Assays in current use such as the serum virus neutralization test are not very suitable for routine diagnostic applications because they generally are timeconsuming, expensive, and complicated. In addition, CDV is not readily recovered from diseased animals, because the virus is fastidious and few convenient laboratory host systems exist.
Our objective was to produce high-affinity monoclonal antibodies that are specific for various strains of the virus and that do not cross-react with other viruses, particularly with members of the family Paramyxoviridae. An extension of this study was to develop immunoassays that could conveniently and accurately detect CDV and its specific antibodies in clinical specimens.
Materials and methods
Cells and media. The propagation of cell cultures has been described previously. 13 Vero monkey kidney cells were obtained from a commercial source. a Secondary fetal bovine turbinate cells, passaged 10-l5 times, were used to grow some viruses. A myeloma cell line, deficient in the enzyme adenosine phosphoribosyltransferase (APRT), b was maintained in a medium composed of RPMI-1640, c supplemented with 15% fetal bovine serum (or controlled process serum replacement [CPSR] d ), 100 U/ml penicillin, 100 µg/ ml streptomycin, 25 µg/ml amphotericin B, 0.2 M sodium pyruvate, and nonessential amino acids. c A selective medium used for propagation of newly fused hybridoma cells consisted of the myeloma medium supplemented with 7.5 x 1 O -5 M adenine, 1.6 x 1O -5 M thymidine, and 8 x 1O -7 M aminopterin.
Viruses. Two strains of CDV (Bu e and a vaccine f ) and the Edmonston strain of measles virus (MV) a were propagated in Vero cells. Parainfluenza, (PI 3 ) a and a bovine strain of respiratory syncytial virus (RSV) 13 were grown in bovine turbinate cells as described previously. l3 Partially purified virus preparations were prepared from infected cell cultures with advanced cytopathic effects. The cell culture fluids were centrifuged at 8,000 x g for 10 min. The supernatant fluids were designated clarified antigen preparations (CAP). Supematants from uninfected cell cultures, clarified in like manner, served as uninfected antigen controls in the immunoassays.
The Bu strain of CDV was purified by density gradient centrifugation. Extracellular virions in medium from infected cultures were pelleted by centrifugation at 52,000 x g for 1 hr. Virions then were suspended in 8 ml of 0.01 M phosphatebuffered physiological saline (PBS), pH 7.2, layered onto a discontinuous 20% to 60% (w/v) sucrose gradient, and centrifuged at 52,000 x g for 5 hr. The virus-rich layer at the sucrose-sucrose interface collected by stabbing with a needle was layered onto a continuous 20% to 60% sucrose gradient and centrifuged for 16 hr at 52,000 x g. Pooled fractions containing the purified virions were dialyzed against either PBS or C/B buffer (0.2 M NaHCO 3 , 0.2 M Na 2 CO 3 , pH 9.6). The protein concentration of the purified virus suspension was determined by the Lowry method?
Preparation of monoclonal antibodies. Splenocyte and myeloma cell fusion was done according to a modified procedure of Taggart and Samloff 16 The protein concentration of purified CDV was adjusted to 1 mg/ml in sterile PBS and emulsified in an equal volume of Freund's complete adjuvant. High responder mice g were inoculated subcutaneously with 0.5 ml of the preparation. Three to 4 wk later, an equal amount of virus emulsified in incomplete adjuvant was given intraperitoneally. The latter inoculation was repeated every other week and again 72 hr before the mice were killed to collect splenocytes.
Cultures with the fastest rates of growth and which yielded significant signals in CDV antibody assays were cloned by a process of limiting dilution as described previously. 9 Media from cloned hybrid lines were tested by indirect immunofluorescence (IFAT) and direct ELISA for antibodies to several viral and cellular antigens. The immunoglobulin subclass of some of the CDV-specific MAb's was determined with a commercial ELISA test system h using the manufacturer's instructions.
Indirect immunofluorescence (IFAT). Suspensions of vi-
rus-infected cell cultures collected after about 50% of the cells had developed CPE were air-dried on glass slides. Control preparations were made from uninfected cells. The cells were fixed in acetone for 10 min at room temperature. The assay was done by applying serum or hybridoma medium overlay onto the slides followed by an appropriate dilution of anti-species IgG (heavy and light chain specific) conjugated to fluorescein. i Incubation at 37 C for 30 min was allowed for each step followed by 3 rinses of 3 min each' in PBS containing 0.005% Tween 20 (PBST). The slides were covered with glycerol buffered to pH 8.9 and examined with a fluorescence microscope equipped with water-immersion objective lenses. j Enzyme-linked immunosorbent assay (ELISA). 1. Direct ELISA. Clarified viral and control antigens (CAP), in C/B buffer at a concentration of 0.5 mg protein/ml, were attached to a solid phase by placing 100 µl of each preparation in microtiter plate wells followed by incubation at 37 C for 4 hr. Plates then were rinsed 3 times for 2 min in PBST, treated with 2% bovine serum albumin for 1 hr to reduce nonspecific binding, and washed again. Media (100 µ1) from hybridoma cultures were placed in wells coated with CAP, incubated at 37 C for 30 min, and washed. Appropriately diluted antimouse IgG (heavy and light chain specific) conjugated to horseradish peroxidase' was placed in each well, incubated for 15 min, and washed. A substrate solution of 0.1% tetramethylbenzidine (TMB) in 0.1 M citrate buffer (pH 4.1) containing 2% urea peroxide then was added to each well. The blue color that developed was quantitated in an automated ELISA plate reader k at dual absorbance values of 405 and 450 nm.
2. Simple sandwich ELISA. Microtiter plate wells were coated with antibody that served as the antigen capture system in a simple sandwich assay. Media from hybridoma cultures or rabbit polyclonal antiserum were dialyzed against C/B buffer prior to placing 100 µ1 of an appropriate dilution in each well for attachment. The test was used to assay either viral antigen or specific antibodies. Incubation, washing, substrate application, and reading of the test were as for the direct procedure.
Detection of CDV antigen was done by placing an appropriate sample in the antibody-coated wells, incubating at 37 C for 15 min, and washing. This was followed by specific antibody (monoclonal, rabbit, or canine) and the appropriate anti-species IgG conjugate. The only constraints were that the species of origin of the secondary antibody differed from that of the primary antibody and that the specificity of the anti-species IgG conjugate was for the secondary antibody. The CAP preparations were placed in the antibody-coated wells to assay antibodies in clinical specimens or hybridoma culture medium.
3. Protein A sandwich ELISA. An ELISA system employing protein A as the initial layer attached to the solid phase in the assay for CDV and its antibody was developed. The wells were coated by placing 100 µ1 of protein A at a concentration of 0.05 µg/ml in C/B buffer in wells of microtiter plates, incubating for 4 hr, and washing. Capture antibody, in PBS, was attached to the protein A coat by incubating an appropriate dilution of the former in protein A-coated plates for 15 min at 37 C followed by washing. The procedure then was similar to the simple sandwich method described previously except that a protein A-peroxidase conjugate d replaced the anti-species IgG conjugate. 4. Biotin-avidin sandwich ELISA. A biotin-avidin ELISA system for CDV antigen detection was developed and evaluated. The procedure was similar to the protein A sandwich procedure except for the last 2 steps (before the addition of substrate), which consisted of the application of biotinylated MAb followed by an avidin-peroxidase conjugate. l The MAb was biotinylated according to the manufacturer's recommendations. m Briefly, the assay consisted of sequentially placing capture MAb, sample antigen, biotinylated MAb (0.025 µg/ml), avidin-peroxidase conjugate (0.025 &ml), and TMB-urea peroxide substrate solution in protein Acoated wells.
Samples. Eighty clinical specimens consisting of sera, cerebrospinal fluids, secretions, and tissues were obtained from live and dead CDV-infected animals. These animals were patients of a university animal hospital and CDV infection had been confirmed by serology (IFAT), pathological examination, and/or antigen detection by immunofluorescence. Control samples were obtained from dogs that were admitted for unrelated conditions. Tissues were homogenized in cell culture medium at an approximate ratio of 1:10 (w/v) and clarified by centrifugation (8,000 x g) prior to the assay. Mucosal swabs were vigorously agitated in approximately 1 ml of PBS prior to the assay. Viral antigens and antibodies were quantitated by assaying serial dilutions of the sample. The titer of the samples was considered to be the reciprocal of the highest dilution that still resulted in a distinct signal.
Polyclonal antisera. Rabbit hyperimmune serum was produced by intravenous inoculation of 0.5 mg of purified CDV in 0.5 ml sterile PBS. The inoculation was repeated 3-5 wk later and every 2 wk thereafter until the rabbits were bled to collect the serum. Protein concentration in sera was determined by the Lowry method.
Results
One hundred fourteen (7.9%) of the 1,440 hybridoma master cultures grown over the course of the study produced CDV antibodies by the 21st day postfusion. Several clones produced antibodies transiently only, apparently as a result of genetic instability. 8 Specificity of antibodies produced by various hybridoma cultures is given in Table 1 . Ultimately 19 cloned hybrid cell lines producing antibodies to none of the tested antigens other than those of the various strains of CDV were obtained from 11 master cultures. The 19 lines -were selected also on the basis of their high growth rates and strong reactions of their supematants in immunoassays. The immunoglobulin subclass produced by 2 of these, 105C4 and 105H1, was determined. Both produced IgG 2b . The MAb produced by clone 105C4 was used in evaluation of the various immunoassay procedures and for analysis of clinical samples. Optimum concentrations of each reagent (including MAb's) were determined in preliminary tests with serial 2-fold dilutions of the reagent while keeping other factors constant. Final assays were done with twice the minimum concentration of each reagent that yielded a maximum signal in the test.
Detection of viral antigen or specific antibody was possible by all 3 sandwich ELISA procedures simply by standardizing the appropriate variables. The results from various assay systems with infected cell cultures, uninfected cell cultures, and clinical samples for CDV antigens and specific antibody are given in Tables 2  and 3 . Most of the clinical samples had been frozen, some for as long as 3 years. Not one of the assay systems used resulted in reactions with CSF, feces, and mucosal samples from 5 normal puppies and sera from 31 dogs negative by IFAT for CDV for either viral antigen or specific antibodies. In addition, the MAb selected for CDV detection in clinical samples did not react with uninfected cells or with cells infected with MV, P1 3 , or RSV. The assays with CDV-specific MAb's detected antigens of all the strains of CDV tested (Table  l) , but they varied in sensitivity for detection of both antibody and antigen in clinical specimens. The protein A sandwich procedure and the biotinavidin system resulted in reactions for antigen with all the positive clinical samples tested, but when the sensitivities of the 2 assays were compared in a titration of infected cell culture fluids, the latter system was approximately 100-fold more sensitive than the former (Table 3 ). However, use of concentrations of either biotinylated MAb or avidin-peroxidase conjugate higher than 0.05 µg/ml resulted in generalized nonspecific reactions. The simple sandwich ELISA procedure was 100-l,000 times less sensitive than the protein A assay for CDV antigen, and several positive clinical samples were missed ( Table 2 ). The sensitivity of protein A immunoassays for CDV antigen was improved at least 100 times when polyclonal rabbit hyperimmune serum was substituted by the MAb 105C4 (Table 3 ). The sensitivity of the simple sandwich procedure was improved l0-100 times by the inclusion of 0.001% ovalbumin in the MAb preparations used for coating of the wells.
The protein A ELISA sandwich for CDV antibody reacted with all the positive canine sera and CSF samples included in the test. However, the simple sandwich procedure was negative for 11 of these sera and 4 CSF samples. A comparison of the sensitivities of these 2 procedures indicated that the protein A assay was approximately 100 times more sensitive.
Discussion
Serologic cross-reactions may occur among various viruses of the Paramyxoviridae because of epitopic homology, of varying degrees, between analogous structural proteins. 10, 11, 15 Members of the morbilliviruses (canine distemper virus, measles virus, and rinderpest virus) are particularly closely related antigenically. In the present study, several of anti-CDV MAb's cross-reacted with other members of the Paramyxoviridae, but the 19 cloned cell lines finally selected produced MAb's that were highly specific for CDV in the assays used. All the MAb's produced by Sheshberadaran et al. l5 to epitopes on the hemagglutininequivalent (H) polypeptides of CDV were specific for the virus, whereas fewer of those that developed to epitopes on the other proteins of the virus were. It is likely therefore that the 19 cloned lines selected in this study produced antibodies to epitopes on the H polypeptide.
The substrate, TMB, yielded a highly visible, deep blue colored product upon enzymatic oxidation within 15 sec. This reaction time was about 60 times faster than other substrates in current use, such as orthophenylenediamine or 5-aminosalicylate. l, 5 The simple and protein A sandwich ELISA procedures evaluated in the present study each uniquely offered the opportunity to detect either antigen or antibody by the same test sequence merely by standard- izing the appropriate variable. Furthermore, these assays were rapid, did not require specialized equipment, and the chromogenic endpoint easily was determined visually. The use of CDV-specific MAb's as a capture reagent in the sandwich procedures offers the security of specificity. In addition, the avidity of some of the monoclonals tested was excellent, since the sensitivity of the test improved substantially when MAb's replaced hyperimmune rabbit globulins in the assays. However, the direct application of the MAb's to the solid phase resulted in inconsistent coating. A more uniform attachment of MAb's occurred with protein A capture, and higher concentrations of MAb apparently attached to the protein A-coated solid phase. Moreover, use of protein A and protein A-peroxidase conjugate in ELISA allows the application of the same immunoglobulin (or immunoglobulin from the same species) for both the primary (capture) and the secondary antibody layers.
The biotin-avidin protocol intercalated a very high affinity, biospecific reaction in the enzyme-antibody linkage and amplified the assay. This system capitalizes on the great affinity between biotin and avidin, which have a dissociation constant at neutral pH of 10 15 M, and on the fact that antibody labeling with biotin does not interfere with the immunologic reaction kinetics 4, 18 Its appeal is that immunoassay sensitivity can be enhanced greatly, and in 1 study, the biotin-avidin reaction increased the sensitivity of ELISA for rheumatoid factor cryoglobulin at least 20-fold. In our assays for CDV antigen, the biotin-avidin sandwich ELISA was 100-l,000 times more sensitive than the procedures primarily dependent on immunologic binding. However, nonspecific reactions were common in this test, and it was necessary to use both the biotinylated antibody and the avidinenzyme conjugate at low concentrations (<0.05 µl/ml) to eliminate nonspecific binding.
The excellent sensitivity and specificity generally obtained with the sandwich ELISA systems in the present study could be attributed to the selection of MAb's that bound to CDV efficiently, consistent attachment of adequate concentrations of capture reagents to the solid phase, and the use of a substrate with a highly visible product. The procedures also allowed for the detection and measurement of either antigen or antibody, were suitable for testing a wide variety of clinical specimens, were read visually, and, since special equipment was not required, were well suited for routine diagnostic applications.
